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Abstract. Gravity data from detailed marine 
surveys were used to investigate the density structure 
of the crust and upper mantle beneath the northern 
Red Sea, a continental rift considered by many to be 
in the process of establishing amid-ocean ridge type 
spreading center. A gravity and bathymetry profile 
across the sea near 27øN was analyzed in detail. 
Model constraints include single-channel and multi- 
channel seismic reflection lines coincident with the 
gravity profile, which provide detailed information 
on sedimentary layers, a series of ESP seismic 
experiments centered nearly on the gravity line which 
constrain the sediment and crustal thickness, and a 
series of 58 closely spaced heat flow measurements 
nearly coincident with the gravity line which closely 
constrain the mantle thermal structure and thus 
density variations within the mantle. The calculated 
gravity anomalies based on the known crustal and 
mantle structure fail to match the observed data. 
Specifically, the model anomalies become steadily 
more negative from the margins toward the center of 
the sea with the result that the calculated gravity is 
approximately 25 mGal more negative near the axis 
relative to the marginal areas than are the observed 
anomalies. Two possible solutions were investi- 
gated. One is to introduce a lower crustal layer 
resulting from crustal underplating within what was 
originally considered to be the upper mantle beneath 
the marginal areas. The other is to introduce an area 
of slightly denser crust resulting from intrusion of 
new mafic crustal material within the axial depres- 
sion. Both solutions can reproduce the observed 
gravity anomalies within the Red Sea. However, the 
complete set of geophysical data, and in particular the 
heat flow in the Red Sea and gravity and seismic 
refraction data on land, suggests that the most satis- 
factory model is that the crust of the axial depression 
is denser than that of the marginal areas. This 
implies that crustal extension in the northern Red Sea 
is presently occurring in large part by intrusion of 
new mafic material. 
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INTRODU•ON 
The northern Red Sea (Figure 1) is a unique 
location to study lithospheric rifting, the structural 
and sedimentological development of a "passive" 
continental margin, and the initiation of seafloor 
spreading within a continental rift for the simple 
reason that these processes are presently occurring 
there. A number of detailed geological and geo- 
physical studies [Pautot et al., 1984, 1986; Cochran 
et al., 1986; Marffnez and Cochran, 1988, 1989; 
Cochran and Marffnez, 1988; Gaulier et al., 1988; Le 
Pichon and Gaulier, 1988; Guennoc et al., 1988, 
1990] have recently been carried out in the area and 
have provided a great deal of new geophysical data in 
the northern Red Sea. The purpose of this paper is 
to use these new data (bathymetry, single-channel 
and multichannel seismic reflection, seismic refrac- 
tion, gravity, and heat flow) to constrain gravity 
models of the northern Red Sea in order to determine 
the density structure of the crust and mantle beneath 
it and to investigate the processes by which litho- 
spheric expansion is presently occurring. 
DESCRIFYION OF DATA 
A track chart showing the location of available 
marine geophysical data in the northern Red Sea is 
shown in Figure 2. The data are primarily from R/V 
Robert D. Conrad cruise 2507 and from a detailed 
survey of the former Exxon Safaga concession. 
Figure 3 shows a bathymetry map of the northern 
Red Sea, contoured at 100 m intervals, and Figure 4 
shows a free-air gravity anomaly map with a 10 
mGal contour interval, both based on these data. 
The geophysical profile chosen for analysis is 
shown in Figure 5. The location of the profile is 
shown in Figure 2 and is superimposed on the 
bathymetry (Figure 3) and free-air gravity (Figure 4) 
maps. Data available along this line include bathy- 
metry (Seabeam and conventional 12 kHz echo- 
soundings), free-air gravity anomalies, total intensity 
magnetic anomalies and single-channel seismic 
reflection profiles utilizing a watergun source (Figure 
6). These data were obtained during R/V Robert D. 
Conrad cruise 2507 in June 1984. The bathymetry 
data in Figure 5 are Seabeam center-beam data. 
Gravity anomalies were measured using a Bell 
BGM-3 gravimeter [Bell and Watts, 1986] and navi- 
gation during the survey was by Loran-C supple- 
mented by transit satellite fixes. Gravity crossover 
errors are less than about 1 mGal for Loran-C navi- 
gated portions of the Conrad survey and less than 
about 3 mGal in the worst cases. The entire line 
considered in this study utilized Loran navigation. 
Our line is the "Central Heat Flow Line" of Marffnez 
and Cochran [1988] and was run directly over a 
series of 58 heat flow measurements. The heat flow 
measurements are spaced 1-2 km apart and form one 
of three heat flow traverses across the Red Sea col- 
lected during the Conrad cruise [Martfnez and 
Cochran, 1989]. More details concerning the data 
acquisition and reduction are given by Marffnez and 
Cochran [ 1988]. 
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The western half of the line coincides with multi- 
channel seismic reflection line ERS 74 published by 
Barakat and Miller [1984] and Miller and Barakat 
[1988], which was made available to us by Esso 
Exploration Company. Although the basement was 
not imaged on this line, it is possible to identify the 
top and bottom of the Miocene evaporites along 
much of the seismic line [Martfnez and Cochran, 
1988]. These horizons were digitized for use in the 
gravity modeling. We also used marine gravity and 
bathymetry data from the western end of the Exxon 
line to extend the Conrad profile closer to shore. 
Control on the depth to igneous basement and on 
the crustal thickness within the northern Red Sea is 
provided by a series of Expanding Spread Profile 
(ESP) seismic experiments carded out by a consor- 
tium of French institutions during the the Minos 
expedition in 1986 [Gaulier et al, 1988]. The Minos 
Fig, 1. Map of the northern Red Sea region. 
Water-covered areas are shaded with the intensity of 
shading increasing at 500 m depth intervals. Box 
outlines the area of the gravity map shown in Figure 
4. The location of the gravity and bathymetry profile 
(Figure 5) interpreted in this study is also shown. 
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Fig. 2. Map of the northern Red Sea showing the location of data used to construct he 
free-air gravity map shown in Figure 4. Each dot shows the location of a gravity mea- 
surement. The total number of data points is 130,212. The distribution of bathymetry data 
used to construct the map shown in Figure 3 is nearly identical. Location of lines shown in 
Figures 5 and 9 are also indicated. 
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experiment consisted of 15 ESPs using an air gun 
source and a 2.4 km long, 96 channel streamer. 
Navigation during the seismic experiments was by 
Loran-C and transit satellites with the distance be- 
tween the two ships determined using a Syledis 
system. In general, clear refracted mantle arrivals 
were obtained on lines near the coast. On the lines 
further out in the Red Sea, Gaulier et al. [ 1988] de- 
termined the depth to Moho from reflection hyper- 
bolae. Four of the ESPs (ESPs 3-6) form a profile 
from the Egyptian coast to the axis between 26ø20'N 
and 27ø20'N (Figures 3 and 4). The individual ESPs 
are oriented NW-SE along the strike of the Red Sea 
and are spaced about 20 km apart. The Conrad 
gravity line is located near the midpoints of these 
four lines. Crustal columns for the ESPs are shown 
in Figure 7. See Gaulier et al. [1988] for more de- 
tails on the processing and interpretation of these 
seismic lines. 
Additional control for the onshore regions is 
provided by geophysical studies in Egypt. These 
data include heat flow measurements published by 
Morgan et al. [1980, 1985], seismic refraction exper- 
iments carded out by the Institute of Geophysics of 
the University of Hamburg [Makris et al., 1982; 
Rihm and Makris, 1989; Hosney, 1985], and gravity 
data in Egypt obtained through the Bureau 
Gravimetrique International (Figure 8). Other than 
seismic refraction experiments near the coast [Makris 
et al., 1983], very few geophysical data are available 
in northwestern Saudi Arabia. 
STRUCTURE OF THE NORTHERN RED SEA 
The portion of the northern Red Sea north of 26øN 
has been the subject of a number of recent geophysi- 
cal studies [Cochran et al., 1986; Martfnez and 
Cochran, 1988, 1989; Guennoc et al., 1988, 1990; 
Gaulier et al., 1988; Le Pichon and Gaulier, 1988; 
Cochran and Martfnez, 1988] and its morphology 
and structure are reasonably well known. The north- 
em Red Sea consists of narrow continental shelves 
and a broad main trough (Figures 3 and 5). The 
main trough is conveniently divided into "marginal 
areas", which actually occupy most of the width of 
the sea, and an "axial depression" 15-30 km wide 
[Cochran et al., 1986; Martinez and Cochran, 1988; 
Guennoc et al., 1988] (Figures 3 and 5). 
The bathymetry of the marginal areas forms a 
series of terraces or levels 20-30 km wide which are 
generally at depths of about 500 m, 800 m, and 950 
m (Figures 3 and 5). These terraces are separated by 
areas of steeper slopes or, in some places, by steep 
escarpments which sometimes appear to be fault 
controlled. The terraces have irregular surfaces with 
local relief of the order of 50-100 m which appears in 
many places to be related to salt tectonics (Figure 6). 
The top of the evaporite layer is a prominent reflector 
labeled "S" in Figure 6. 
The axial depression is a region of deep water 
1100-1300 m deep and from 15 to 30 km wide 
occupying the central portion of the northern Red Sea 
[Cochran et al., 1986]. The axial depression differs 
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Fig. 3. Bathymetry map of the northern Red Sea near 27øN based on data from Conrad 
cruise 25-07 and Exxon's Safaga Concession survey (see Figure 2 for location of data). 
Contour interval is 100 m. Areas deeper than 1100 m are shaded light grey, and areas 
deeper than 1200 m are shaded dark grey. Solid line shows ship tracks for the profiles 
shown in Figures 5 and 6. Heavy dashed lines show the locations of the northern set of 
Minos ESP experiments (Figure 7a). 
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Fig. 4. Free-air gravity anomaly map of the north- 
western Red Sea, based on data from Conrad cruise 
25-07 and Exxon's Safaga Concession survey (See 
Figure 2 for location of data). Contour interval is 10 
mGal. Regions more positive than +10 mGal are 
shaded light grey, and regions more negative than 
-20 mGal are shaded dark grey. Locations of deeps 
with dipolar magnetic anomalies are shown by dia- 
monds; locations of deeps without magnetic anoma- 
lies are shown by triangles. Lighter solid line shows 
the location of ship tracks for the profiles shown in 
Figures 5 and 6; heavier solid lines show locations of 
the Minos ESP experiments. 
from the oceanic "axial trough" of the southern Red 
Sea in that sedimentary sequences, including both the 
post-Miocene pelagic sediments and the Miocene 
evaporites, are continuous across it (see Figure 6), 
lineated magnetic anomalies are not present, and it is 
shallower. The axial depression sometimes, 
although not always, appears to be fault bounded. It 
is marked by a free-air gravity minimum with a rela- 
tive amplitude of 30-60 mGal (Figures 4 and 5) and 
is the location of the maximum heat flow on each of 
the Conrad heat flow traverses [Cochran and 
Marffnez, 1988; Martfnez and Cochran, 1989]. 
The marginal areas and the axial depression also 
vary markedly in the pattern of deformation observed 
in the sediments [Martfnez and Cochran, 1988]. 
Seismic reflection data show that the marginal areas 
are affected by a combination of salt tectonics and 
widely spaced faulting. Deformation in the axial de- 
pression is more intense and concentrated and fre- 
quently extends to the seafloor. Martfnez and 
Cochran [1988] argue that the extension became 
primarily focused in the axial depression at some 
time after deposition of reflector S. 
The axial depression is not only the locus of recent 
deformation, but is also the location of a series of 
axial deeps spaced at 50-75 km intervals along it (see 
Figures 3 and 4). Those within the well-surveyed 
area north of 26øN include Conrad Deep just north of 
27øN [Cochran et al., 1986], an unnamed deep at 
26ø36'N [Pautot et al., 1986], and Shaban (or Jean 
Charco0 Deep near 26ø15'N [Pautot et al., 1984]. In 
addition, another unnamed deep was reported by 
Guennoc et al. [1988] at about 25ø42'N. These are 
all small northern Red Sea type deeps, most of which 
are associated with large, normally magnetized, 
dipolar magnetic anomalies, which presumably result 
from fairly recent, localized intrusions [Cochran et 
al,. 1986]. A volcanic ridge can be observed at 
Shaban Deep [Pautot et al., 1984). 
The axial depression is particularly well developed 
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Fig. 5. Bathymetry and free-air gravity anomaly profile across the Red Sea near 27øN 
which is modeled in detail in this study The profile is projected along an azimuth of 
N50øE. Location of the profile is shown in Figures 2, 3, and 4. The projected locations of 
the centers of ESP lines 3-6 are also shown. 
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wide and is bounded by scarps 250-350 m high 
which appear to be faulted. The axial depression is 
also associated with a large negative gravity anomaly 
with an amplitude of 55 to 65 mGal relative to the 
flanking highs. The profile passes over the southern 
end of the Conrad Deep (Figures 3 and 5). Cochran 
and Martinez [1989] have pointed out that both the 
negative gravity anomaly associated with the axial 
depression and the flanking positive anomalies are 
best developed near the location of axial deeps. 
However, even away from deeps, at locations where 
the morphologic expression of the axial depression is
subdued, the axis is associated with a large amplitude 
negative anomaly. This can be seen in Figure 9 
which shows two bathymetry and free-air gravity 
profiles across the Red Sea, crossing the axis about 
30 km north and about 65 km south of our line 
(locations shown in Figure 2), where the axial de- 
pression is not as well developed. The basement 
depth at ESP 6 over the axial depression is 8.5 km, 
assuming that the top of the 5.8 km/s layer is the 
basement. This depth to basement is almost 2 km 
greater than that at ESP 5, located outside the axial 
depression (Figure 7). This observation suggests 
that the gravity low over the axis is at least in part 
due to an increased epth to basement. 
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Fig. 6. Single-channel watergun seismic reflection profiles from Conrad cruise 25-07 
collected concurrently with the bathymetry and free-air gravity anomaly profile shown in 
Figure 5. Prominent reflector labeled "S" marks the top of the Miocene evaporite se- 
quence. Locations of the lines are shown in Figures 2, 3 and 4. 
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Fig. 8. Topography and gravity anomaly profile extending from the interior of Egypt 
across the Red Sea. The profile is projected along N50øE, and the coast is at about km -90. 
Marine data are free-air anomalies from the gravity profile considered in this study (Figure 
5). Land data are Bouguer anomalies obtained through the International Gravity Bureau 
from stations located in a 50 km wide corridor centered on a continuation of the marine 
profile. Elevations are 5' gridded values obtained from the U.S. Defense Mapping 
Agency's DBDB5 gridded topographic data set. 
The increasingly negative gravity anomaly over 
the axial depression toward 27ø35'N at the very 
northern end of the Red Sea (Figure 6) may therefore 
be interpreted as indicating that the basement deepens 
toward this location, which is the intersection be- 
tween the axial depression and the Levant fault zone. 
Le Pichon and Gaulier [ 1988] have noted that such 
triple junctions in oceanic regions are typically char- 
acterized by an increase in depth to basement. 
The thick mid- to late Miocene evaporite section 
masks the deeper structure in seismic reflection data. 
Miller and Barakat [ 1988] state that seismic reflection 
data indicate local thicknesses of more than 2100 m 
for the evaporites with the thickness increasing to- 
ward the axis and to the south. Seismic refraction 
data [Gaulier et al., 1988] suggest the presence of 
over 3000 m of evaporites at places in our study area 
and about 4000 m further south. As a result, seismic 
reflection studies, including extensive multichannel 
seismic (MCS) surveys run for oil exploration pur- 
poses [e.g. Tewfik and Ayyad, 1982; Miller and 
Barakat, 1988], have consistently failed to image the 
basement in the northern Red Sea. The top of the 
evaporites forms a prominent reflector (reflector S). 
Although layering can be seen in places to 
considerable depth within the evaporites (Figure 6), 
the base of the evaporite section can only be locally 
observed on MCS data, and the basement has not 
been convincingly imaged anywhere in our study 
area [P. Miller, personal communication, 1985]. 
The free-air gravity anomalies (Figure 4) form a 
pattern of elongate highs and lows which are oriented 
subparallel to the NNW-SSE trend of the rift, and 
which extend for distances of 50-70 km along strike. 
Free-air gravity highs are systematically located on 
the seaward edges of the bathymetric terraces. 
Martfnez and Cochran [ 1988] digitized the seafloor, 
top of evaporites, and bottom of evaporites from 
Exxon seismic line ERS 74 in order to determine the 
extent to which relief on these surfaces can explain 
the observed gravity anomalies. Marffnez and 
Cochran [1988] conclude that the gravity effect of 
relief on these observed interfaces does not at all 
explain the shape or amplitude of the observed grav- 
ity which must therefore be due to relief on a deeper 
surface, presumably the basement, which they inter- 
pret as a series of tilted fault blocks 15-30 km across 
and roughly 60 km in length. 
Information on the nature of the crust can be ob- 
tained from the Minos ESP experiments [Gaulier et 
al, 1988, see Figure 7]. A total of 15 ESP lines were 
collected during the expedition. Four of them (ESPs 
3-6) form a traverse centered along a line extending 
from the Egyptian coast near Safaga Island at 
26ø45'N toward Conrad Deep (Figures 3 and 4), 
with the individual profiles oriented NW-SE along 
the strike of the rift. The most seaward ESP (ESP 6) 
is centered over the axial depression just to the south 
of Conrad Deep. Five ESPs form a similar traverse 
situated along a line extending from the Egyptian 
coast near 25ø40'N toward Shaban Deep. This line 
thus lies mostly south of our study area. In addition, 
three ESPs were centered over the axial depression in 
the northern part of the study area and the final two 
were collected in the Gulf of Suez. 
Gaulier et al. [1988] determined that a thin crust 
underlies all of the ESPs in the northern Red Sea. 
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Fig. 9. Free-air gravity anomaly and bathymetry 
profiles across the center of the Red Sea in areas 
where the axial depression is less well developed. 
Profile A is located about 30 km north and Profile B 
about 65 km south of the profile shown in Figure 5. 
Locations of the lines are shown in Figure 2. Both 
profiles are projected along N50øE. 
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The depth to Moho is between 13 km and 14.5 km 
for all four of the northern set of lines (Figure 4). A 
clear refracted mantle arrival with a P wave velocity 
of 8.2 km/s is seen in ESP 3. For the other three 
lines, the depth to Moho was determined from 
reflection hyperbolae interpreted as originating from 
the crust-mantle boundary [Gaulier et al., 1988]. 
The crustal thickness is between 6.2 km and 6.8 km 
for ESPs 4, 5, and 6 and 8.5 km for ESP 3, nearest 
to the coast (Figure 7). Crustal P wave velocities are 
in the range of 5.8-6.4 km/s except for ESP 3, in 
which a 2.8 km thick low-velocity upper crustal ayer 
with a velocity of 5.5-5.7 km/s overlies a lower layer 
with a 6.2 km/s velocity (Figure 7). 
The southern set of ESPs also show a thin crust 
(5-9 km) beneath the Red Sea. However, they gave 
much higher crustal velocities for ESPs 8-10 (see 
Figure 4 for location). These velocities are in the 
range of 6.7-6.8 km/s for ESPs 8 and 9, and 6.45- 
6.7 km/s for ESP 10. ESP 11, which is located in 
the axial depression, gave crustal velocities of 6.3- 
6.5 km/s. A S45øW seismic refraction line passing 
through the midpoints of ESPs 8-11 also gave a 
lower-crustal velocity of 6.9 km/s, in agreement with 
the ESPs [Avedik et al. 1988]. ESP 7, located about 
15 km offshore, shows a more complex two layer 
crust with an upper 6.2-6.45 krn/s layer overlying a 
high velocity 7.2 krn/s lower crustal ayer. The total 
crustal thickness determined for ESP 7 is 9 km. 
The reasons for the different crustal velocity 
structure determined beneath the northern and south- 
ern sets of ESPs is the subject of some controversy. 
Gaulier et al. [1988] and Le Pichon and Gaulier 
[1988] interpret the difference as resulting from a 
transition from thin continental crust in the north to 
Miocene and younger .continental crust in the south. 
Cochran and Martfnez [1988], on the other hand, 
argue that continental crust is present under both re- 
gions. They suggest that the difference in the crustal 
velocities reflects a fundamental difference in the 
nature of the continental basement which is observed 
onshore where primarily granitic rocks are found in 
the North Eastern Desert, while large areas of mafic 
rocks are found in the Central Eastern Desert [Stem 
et al., 1984; Stem and Hedge, 1985; Greiling et al., 
1988]. The geological and geophysical data neces- 
sary to definitively resolve this controversy are not 
presently available. However, the gravity line which 
we have chosen for analysis in this study (Figures 4 
and 5) is located in the northern region where the 
marginal areas of the Red Sea are agreed to be under- 
lain by thinned continental crust. 
The axial depression appears to be anomalous in 
both the northern and southern sets of ESPs. In both 
cases, the ESP over the axial region (ESP 6 and ESP 
11) is characterized by distinctly lower velocities than 
the lines run over the marginal areas (Figure 7). In 
addition, ESPs 14, 6, and 13, all centered over the 
axial depression, show very different crustal struc- 
tures even though their midpoints are spaced only 
about 10 km apart (Figure 7). Gaulier et al. [1988] 
also point out that high crustal velocities were de- 
termined for ESP 14 which is centered near Conrad 
Deep which Cochran et al. [1986] concluded is 
underlain by a large, shallow intrusion. Gaulier et 
al. [1988] suggest hat these results imply that the 
crust beneath the axial depression is very complex 
and heterogeneous, and that it has been both highly 
fractured and intruded. The fact that the ESPs from 
the axial region were generally of poorer quality than 
those in the marginal areas [Gaulier et al., 1988] also 
suggests a heterogeneous structure. 
The midpoint of ESP 3 is located approximately 
30 km offshore (Figure 3). Makris et al. [ 1982] dis- 
cussed a seismic refraction experiment along the 
Egyptian coast between 26ø45'N and 24ø30'N which 
they interpret to show a crustal thickness of about 20 
km. They also report an unusually low mantle 
velocity of 7.5 km/s with normal mantle (8.2 krn/s) 
found below a depth of about 32 km. Makris et al. 
[1983] report an almost identical crustal structure for 
a profile along the Arabian coast between about 
26ø20' N and 24øN. Makris et al. [1982] and Rihm 
and Makris [1989] also each presented a seismic re- 
fraction profile perpendicular to the rift, at about 
26ø50'N and at about 26øN respectively. The shot 
and receiver geometry for these lines is such that they 
do not provide information on the crustal structure 
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within about 30 km of the coast. Further inland, 
both profiles are interpreted as showing a 30 to 32 
km thick continental crest between 30 and 70 km 
from the coast. An earlier interpretation of the 
26ø50'N Qena profile [Makris et al., 1982] showed a 
deepening of the Moho from 30 to 35 km between 30 
and 70 km from the coast. 
The seismic data thus indicate that the northern 
Red Sea is underlain by thin crust which thickens 
rapidly near the coast. The crustal thickness in- 
creases from 8.5 km to 20 km in a distance of about 
15 km between ESP 7 of Gaulier et al. [1988] and 
the coastal profile of Makris et al. [1982], and all of 
the crustal thinning associated with the rifting ap- 
pears to have occurred within 30 km of the present 
coastline. These observations agree with the results 
of the Saudi Arabian seismic refraction profile [Healy 
et al., 1982], which crosses from the Arabian Shield 
into the southeastern Red Sea rift near 17øN. That 
experiment has been the subject of a number of anal- 
yses [e.g., Mooney et al,. 1985; Prodehl, 1985; 
Milkereit and Fliih, 1985; Mechie et al., 1986] which 
all agree that the major crustal thinning from about 40 
km beneath Arabia to about 15 km within the Red 
Sea rift occurs in a distance of less than a few tens of 
km near the present coastline. 
Heat flow data provide information on both the 
thermal structure of the mantle beneath the northern 
Red Sea and the manner in which extension has 
occurred. Martinez and Cochran [1989] presented 
three heat flow traverses across the Red Sea with 
stations spaced approximately 2-3 km apart. All 
three profiles show a systematic increase from values 
of about 125 mW/m 2 seaward of the coasts to values 
of greater than 250 mW/m 2 associated with the axial 
depression. Terrestrial heat flow data show a pattern 
of low to normal heat flow (35-55 mW/m 2) in the 
interior of Egypt with values increasing to 75-100 
mW/m 2 in a band extending about 40 km from the 
coast [Morgan et al., 1980, 1985]. The combination 
of terrestrial and marine measurements thus com- 
pletely defines the thermal anomaly associated with 
rifting in the northern Red Sea. The heat flow pat- 
tern across the northern Red Sea rift exhibits a five- 
fold increase from the background level in the stable 
interior of Egypt [Morgan et al., 1980, 1985]. 
The large variation in heat flow across the rift 
along with maximum bounds on the total amount and 
rate of plate separation thus place strong constraints 
on the form of lithospheric extension within the rift. 
A characteristic of all time-dependant numerical 
models which successfully predict the observed heat 
flow is that they result in a mantle temperature struc- 
ture very similar to that of a mid-ocean ridge 
[Cochran and Martinez, 1988; Le Pichon and 
Gaulier, 1988]. In addition to a purely oceanic 
model, a rifting model in which a zone of pure shear 
extension is initially distributed across the width of 
the rift and then becomes concentrated toward the 
center is able to match the overall pattern of heat flow 
across the rift as well as the peak values in the center, 
and also to satisfy limiting plate kinematic constraints 
[Buck et al., 1988; Le Pichon and Gaulier, 1988; 
Cochran et al.: Northern Red Sea Gravity 
Martinez and Cochran, 1989]. The seismic refrac- 
tion results demonstrating the presence of thin crest 
extending seaward from the coastline [Gaulier et al., 
1988] also requires that extension occurred over the 
entire width of the rift through much of its history. 
GRAVITY MODELING 
The gravity models were computed using a pro- 
gram based on the line integral method of Talwani et 
al. [1959]. This is a two-dimensional method and 
thus assumes that the modeled structure extends in- 
definitely in both directions from the modeled pro- 
file. The profile that we are utilizing for the gravity 
modeling is located near the center of an approxi- 
mately 60 km long segment of the Red Sea in which 
the structure of the Red Sea is lineated perpendicular 
to our profile [Martfnez and Cochran, 1988]. It thus 
appears that the assumption of two-dimensionality is 
fairly reasonable, particularly for the deeper struc- 
ture. 
There is fair control on the sediment and crustal 
structure for the Egyptian half of our gravity and 
bathymetry profile. In our calculations, we use val- 
ues for the density of the sediments which are 
consistent with well logs obtained in the immediate 
area of our study [P. Miller, personal commu- 
nication, 1986]. These are 2000 kg/m 3 for the 
postevaporite sediments, 2300 kg/m 3 for the 
Miocene "evaporites" (actually interbedded evapor- 
ites and clastics) and 2450 kg/m 3for the preevaporite 
sediments. We assume a uniform density for the 
crust, having no information on the variation of 
density with depth. The density adopted for the crust 
is 2790 kg/m 3 at 0øC, a reasonable average value, as 
discussed below. For the mantle, we assume a 
density of 3330 kg/m• 3 at 0øC which gives adensity 
contrast of 540 kg/m • at the Moho. 
Shallow Structure 
The observed bathymetry from the profile shown 
in Figure 5 was used to define the seafloor for the 
gravity models (Figure 10). The profile terminates 
only 8 km off the Egyptian coast in 40 m of water. 
However, it ends approximately 35 km offshore on 
the Arabian side and the profile was continued to 
shore in a simple manner consistent with the existing 
maps. The onshore regions were assumed to be at 
sea level in the calculations, and this portion of our 
calculated gravity anomaly profiles should therefore 
be compared with Bouguer anomalies. However, 
the mass of the rift shoulders was included in mass 
balance computations. For this purpose we assumed 
a 10 km wide coastal plain, behind which the Red 
Sea Hills rise to a height of 1000 m at a distance of 
20 km from the shore. The elevation then falls off to 
350 m at a distance of 120 km from the shore, and a 
baseline elevation of 350 m is assumed in the interior 
of the continent. This is a reasonable approximation 
for Egyptian elevations (Figure 8) but is somewhat 
low for Arabia. However, we have no gravity data 
along our profile line in Arabia to constrain the calcu- 
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lated anomalies, and this assumption thus does not 
affect our conclusions. 
The top and the base of the evaporites were de- 
termined for the African side of the profile from 
Exxon MCS line ERS 74, which coincides with the 
modeled profile. For the Arabian side, we assumed 
a constant hickness of 250 m for the postevaporite 
sediments toward the center of the sea, thickening 
toward the coast in a manner similar to what is ob- 
served on the African side [Guennoc et al,. 1988, 
Martfnez and Cochran, 1988]. The base of the evap- 
orites on the Arabian side was defined by reflecting a 
smoothed version of the ERS 74 data about the axis 
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Fig. 10. Gravity effect of variations in average crustal density. The lower panel shows the 
crustal section across the Red Sea adopted as a starting point for gravity modeling. Depth 
to basement and crustal thickness on the Egyptian (SW) side of the sea are based on the 
northern line of Minos ESP experiments (Figure 7a) and on available onshore seismic re- 
fraction results [Makris et al., 1982; Rihm and Makris, 1989]. Sediment structure on the 
Egyptian side is based on digitized reflectors from Exxon seismic line ERS-74 which is 
coincident with our gravity profile (Figure 5) and is tied to wells in the vicinity [Miller and 
Barakat, 1988]. Crustal and sediment structure on the Arabian (NE) side of the sea are 
based on the assumption of symmetry. The upper panels show calculated gravity anomaly 
profiles demonstrating the effects of varying the crustal density from the value of 2790 
kg/m 3assumed in this study. The top panel shows gr•_ vity anomalies calculated for crustal 
densities of2790 kg/m 3 (solid curve) and 2750 kg/m 3 (dotted curve) and the middle panel 
shows anomalies calculated for crustal densities of 2790 kg/m 3 (solid curve) and 2850 
kg/m 3 (dashed curve). In each case, the difference between the two calculated profiles is 
also shown. 
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Crustal Structure and Density 
The crustal thickness within the Red Sea is con- 
strained on the African side by ESPs 3-6. We de- 
fined an initial crustal structure by smoothly joining 
the top and base of the crust defined at the four 
ESPs, with the assumption of symmetry about the 
axis (Figure 10). The top of the crust was later 
modified to match the short-wavelength gravity highs 
and lows. The depth to the top of the crust was kept 
fixed at the locations of the ESP measurements dur- 
ing this process. The crustal thickness was assumed 
to be 20 km at the shoreline in accord with seismic 
refraction results reported by Makris et al. [1982, 
1983], and the continental crust was assumed to have 
a thickness of 33 km at distances of more than 20 km 
from the coast. 
A typical density for the upper crust is 2700 
kg/m 3, and a typical ower crustal density is 2900 
kg/m 3. The average crustal density will then be 
somewhere between 2750 kg/m 3 and 2850 kg/m 3, 
depending on the relative proportions of upper and 
lower crust. The upper crust in northern Egypt is 
largely granitic [Stern et al., 1984] and one would 
thus expect a crustal density in the middle or lower 
portion of the acceptable range. We arbitrarily 
adopted a uniform value of 2790 kg/m 3for the den- 
sity of the crust. For comparison, the average crustal 
densities in Egypt in a gravity model shown by Rihm 
and Makris [1989] range from 2770 kg/m 3 to 2820 
kg/m 3 . 
However, we wish to consider the effect of vary- 
ing the crustal density, since the crust-mantle and 
sediment-crust interfaces represent wo of the major 
density contrasts contributing to the gravity anoma- 
lies. We do this by examining the effects of chang- 
ing the crustal density in the range of 2750 to 2850 
kg/m 3. Figure 10 compares the gravity effects of 
sections with average crustal densities of 2750, 
2790, and 2850 kg/m 3. The mantle density under 
the unthinned continent isassumed tobe 3330 kg/m 3 
in all three cases. Under the Red Sea, we assume a 
constant mantle density for these calculations such 
that the column at the axis is in local isostatic equi- 
librium with the column under the adjacent unthinned 
continent, assuming a compensation depth at the base 
of the lithosphere (125 k•). The resulting mantle 
densities are 3279 kg/m • for a crustal density of 
2750 kg/m 3, 3289 kgJm 3 for 2790 kg/m 3, and 3303 
kg/m 3 for 2850 kg/m 3. 
The difference between the anomalies calculated 
using the various crustal densities takes the form of a 
long-wavelength variation (Figure 10) which basi- 
cally reflects the variation in the crustal thickness 
across the Red Sea. The major effect of the varia- 
tions in crustal density is thus a change in the size of 
the gravity step between the unthinned continent and 
the Red Sea. The shape and amplitude of the calcu- 
lated anomalies within the Red Sea is nearly the same 
for all three cases and our investigation of the struc- 
ture beneath the Red Sea is not strongly dependent 
on the exact choice of a density for the crust. 
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Temperature Variations in the Mantle 
One of the primary features of the gravity calcula- 
tions shown in Figure 10 is the presence of a 55 
mGal gravity minimum over the axis of the Red Sea 
relative to the marginal areas, which is essentially in- 
dependent of the crustal density contrast assumed. 
Since we have assumed a constant mantle density in 
the models shown in Figure 10, this negative 
anomaly results from the increase in water depth and 
sediment thickness toward the center of the Red Sea, 
which is not balanced by a corresponding decrease in 
crustal thickness. The observed free-air gravity 
anomalies also show a minimum over the axis of the 
Red Sea, but the observed minimum is much nar- 
rower than the calculated anomaly and has an ampli- 
tude of about 30 mGal, or 25 mGal less than that 
computed from the simple models of Figure 10. 
A major problem is then to determine the cause of 
this 25 mGal discrepancy. Considering the relatively 
constant crustal thickness determined from seismic 
experiments in the northern Red Sea [Gaulier et al., 
1988], the first obvious explanation would be an in- 
crease in the density of the mantle toward the axis. 
However, the heat flow data [Martinez and Cochran, 
1989] show a very marked increase in heat flow to- 
ward the axis with the unescapable conclusion that 
the mantle is hotter and therefore less dense under the 
axial region. 
We now wish to determine the effect on the grav- 
ity of the temperature variations in the mantle re- 
quired by the heat flow measurements. Le Pichon 
and Gaulier [1988] and Cochran and Martinez [1988] 
have both pointed out that the heat flow variation 
away from the axis of the northern Red Sea is not 
significantly different from the heat flow expected 
over a mid-ocean ridge extending at the same rate. 
The dashed curve in Figure 11 shows the results of a 
simple approximation using a one-dimensional cool- 
ing plate model with a total opening velocity of 8 
mm/yr. The solid curve shows the results of a model 
in which the temperature structure was computed as- 
suming an initial period of extension spread uni- 
formly across the width of the rift for 15.5 m.y., 
followed by concentrated extension at the axis since 
4.5 Ma [Le Pichon and Gaulier, 1988]. This model 
also incorporates lateral heat conduction. In both 
calculations we have assumed a linear temperature 
gradient with depth beneath the unthinned continental 
crust. The gravity effect of the mantle temperature 
distribution was calculated by producing a grid of 
temperature values in the mantle which were con- 
vened to density using a coefficient of thermal ex- 
pansion of 3.4 x 10 -5. The densities were then con- 
toured at 10 or 20 kg/m 3 intervals to form a series of 
bodies which were assigned the average density of 
the contours bounding them. 
The two thermal models produce basically the 
same calculated gravity anomalies. Other published 
thermal models which match the heat flow [e.g. 
Buck et al., 1988; Martinez and Cochran, 1989] 
would not introduce significant variations in the 
gravity anomalies. Since any model for the devel- 
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Fig. 11. Calculated gravity anomaly profiles showing the effects of introducing a mantle 
density structure compatible with heat flow data [Martfnez and Cochran, 1989] from the 
northern Red Sea. The dotted curve shows anomalies calculated assuming a constant 
density mantle beneath the Red Sea. The dashed curve shows anomalies resulting from the 
assumption of a mantle density structure calculated from a simple one-dimensional cooling 
plate model with an opening rate of 8 mm/yr. The solid curve shows anomalies resulting 
from a thermal model in which extension is assumed to be uniformly distributed across the 
rift for 15.5 m.y. followed by concentrated extension at the axis for 4.5 m.y. [Le Pichon 
and Gaulier, 1988]. Other thermal models [Buck et al., 1988; Martfnez and Cochran, 
1989] which match the heat flow data result in gravity anomalies that do not differ signifi- 
cantly from these two profiles. 
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opment of the Red Sea which satisfies the heat flow 
data results in a thermal structure similar to those of 
the models shown in Figure 11, we will arbitrarily 
adopt the mantle thermal structure of the Le Pichon 
and Gaulier [ 1988] model (Figure 11, solid line) for 
all subsequent gravity models. In addition, we will 
extend the temperature structure resulting from the 
model under the subcontinental mantle and within the 
crest to take into account conductive effects. Figure 
12 shows the resulting thermal and density structure 
for the profile and compares the calculated gravity 
anomalies with the observed data. 
The main result from the model calculations 
shown in Figures 11 and 12 is that, independent of 
Fig. 12. Gravity effect of introducing a mantle and 
crustal thermal structure compatible with geothermal 
measurements. The bottom panel shows isotherms 
calculated using the kinematic model of Le Pichon 
and Gaulier [ 1988]. Isotherms are labeled with tem- 
perature in degrees Celsius. Bodies defined by the 
isotherms are labeled with the density in kilograms 
per cubic meter assigned to each body. Gravity 
anomalies calculated from this model (solid curve) 
and observed gravity anomaly values (dots) are 
shown in the top panel Note disagreement between 
observed and calculated anomalies. Middle panel 
shows mass balance curve across the Red Sea for the 
model shown. The mass of a lithospheric column 
away from the Red Sea within the undisturbed conti- 
nent was taken as a reference. 
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the details of the opening history, introducing a 
thermal structure in the mantle which is compatible 
with heat flow data serves to increase the calculated 
gravity minimum beneath the axial region by 25-30 
mGal, so that it has an amplitude of about 75 mGal. 
There is thus a 40 mGal discrepancy between models 
and observations. The introduction of the thermal 
density variations in the mantle has also broadened 
the calculated gravity low over the Red Sea so that it 
takes the form of a gradient down from the margins 
to the axis. 
This discrepancy is also evident in the mass bal- 
ance across the section. Figure 12 also shows pro- 
files of the variation of mass in vertical columns 
across the model. The mass of a continental section 
away from the influence of the Red Sea is used as a 
standard reference section. The section at the axis of 
the Red Sea shows a deficiency of 4 x 106 kg/m 2 
relative to the marginal areas. This is equivalent o 
the mass of a 4 km high column of water and is 
much greater than the uncertainty in any of the 
known structures included in the gravity model. The 
sharp mass deficit just landward of each coastline re- 
sults from our assumption of a 10 km wide coastal 
plain in which the rapidly changing crustal thickness 
is not balanced by a change of elevation. It is 
equivalent o the mass of the 1 km of crustal material 
which was assumed to have been eroded as the 
escarpment retreated. 
Gravity Effects of Local Topography 
Figure 13 shows the effect on the calculated grav- 
ity anomalies of modifying the upper surface of the 
crust to match the short wavelength variations in the 
observed gravity for each of the models discussed 
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Fig. 13a. Gravity effect of varying the upper surface of the crust in the models to match 
the short-wavelength variations in the observed anomalies. Crustal structure shown in the 
lower panel is that used in the "underplating" model (Figure 14). Gravity anomalies calcu- 
lated using the density structure shown in Figure 12 and this relief on the top of the crust 
are shown as a solid curve in the top panel. The observed gravity values are shown as 
dots. The middle panel shows a mass balance curve across the Red Sea for this model. 
The solid curve shows the mass balance for this model and the dashed curve the mass bal- 
ance for the thermal model (Figure 12). The mass of a lithospheric olumn away from the 
Red Sea within the undisturbed continent was taken as a reference. 
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below. The final modification of the shape of the top 
of the crust was actually done as part of the modeling 
discussed below. However, we introduce its gravity 
effect at this point in order to clearly separate the ef- 
fects of each step in our analysis. 
The local gravity highs and lows with amplitudes 
of 10-40 mGal and widths of about 20 km were 
modeled as resulting from relief on crustal fault 
blocks, following the interpretation of Martinez and 
Cochran [1988]. The depth to the top of the crust 
was kept fixed at the locations of the ESP measure- 
ments during the modeling. The much simpler 
crustal structure on the Arabian side of the Red Sea is 
due simply to the fact that we lack gravity data closer 
than about 30 km to the Arabian coast. The greatest 
relief required on the fault blocks was about 8 km, 
which is somewhat greater than the maximum relief 
of about 6 km observed on blocks in the Gulf of 
Suez [Colletta et at., 1988; Patton et at., 1991]. The 
Gulf of Suez was the northern continuation of the 
Red Sea rift until it was cut off by initiation of the 
Dead Sea transform in the mid-Miocene [Berthelot, 
1986; Steckler and ten Brink, 1986; Courtillot et at., 
1987], at which time extension in the Gulf of Suez 
essentially ceased [Steckler et al., 1988]. Over 100 
additional kilometers of extension has occurred in the 
Red Sea. We therefore believe that this relief on the 
top of the crust is reasonable. 
The least reasonable feature of the crustal sections 
shown in Figure 13 is the narrow topographic high 
approximately between kilometers -35 and -42 on 
both sections. This is not the shape that one would 
expect from a rotated fault block. The gravity effect 
of this body also does not completely match the ob- 
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served data which suggest hat the basement high 
should be somewhat wider. The shape of the model 
basement is constrained by the requirement hat we 
match the observed depth to basement of 6.6 km at 
ESP 4 which has a projected location of-42.6 km on 
our profile. However, ESP 4 is actually centered 
about 7.5 km south of the gravity line at a location 
where the gravity is about 8 mGal less that at the 
projected location along the gravity line (Figure 4). 
If we allowed ourselves the freedom to make the 
depth to basement slightly less at the location of ESP 
4 on the gravity line, we could better fit the gravity 
observations with a wider, lower, more realistic 
basement relief. 
We left the Moho as a smooth surface on the basis 
of the nearly constant depth to Moho on all of the 
ESPs within the northern Red Sea. The crest be- 
neath the northern Red Sea thus consists of a broad 
area of very thin (-8 km) crust with a smoothly 
varying Moho, which does not reflect the large relief 
of the overlying tilted fault blocks. This type of 
crustal structure has been observed at a number of 
rifted continental margins where the rifting has not 
been accompanied by extensive magmatism. 
Examples include the Bay of Biscay margin [Avedik 
et al., 1982; Le Pichon and Barbier, 1987; Pinet et 
al,. 1987], the Goban Spur-Flemish Cap margin 
[Keen et al., 1989] and the Mediterranean margin of 
France [Burrus, 1989]. Le Pichon and Chamot- 
Rooke [ 1991] argue that this geometry results from 
the presence of a brittle upper crustal layer over a 
ductilely deforming lower crest. They conclude that 
if the brittle layer maintains even a small effective 
elastic thickness and if crustal density increases 
downward, then the large rotated fault blocks can be 
isostatically supported within the crust by a combi- 
nation of the elastic strength of the upper crest and 
ductile flow of the lower crest. 
We found no need for the somewhat exotic crustal 
structure proposed by Rihm and Makris [1989] to 
explain the local gravity anomalies on a gravity pro- 
file across the northern Red Sea which appears to be 
nearly coincident with ours. Their model shows 
variations of more than 10 km in the depth to the 
mantle over very short horizontal distances (less than 
15 km) with the result that the crest completely dis- 
appears in places. This unlikely crustal structure ap- 
pears to result from an assumption that the local 
gravity anomalies result primarily from relief on the 
crest-mantle boundary, combined with the very small 
density contrast (220 kg/m 3) which they assumed at
that boundary. 
The introduction of topography on the top of the 
crest to match the local gravity anomalies not only 
introduces hort-wavelength variations into the calcu- 
lated gravity anomalies, but also serves to reduce the 
amplitude of the calculated gravity low over the axis 
(Figure 13). This results from the fact that, in order 
to match the large gravity highs flanking the axial 
depression on the profile which we are modeling 
(Figures 4 and 5), we had to introduce large tilted 
fault blocks which significantly increased the mass at 
shallow depth near the axis. However, although this 
reduces the gravity low at the axis relative to the 
marginal areas from about 75 mGal to about 55 
mGal, it is still significantly greater than the observed 
30 mGal low. 
The mass balance profile is also affected by the 
introduction of relief on the top of the crust. The 
introduction of sizable blocks and basins results in 
the creation of local variations in mass with the same 
width as the blocks. These are characteristically ess 
than 20 km across and we assume that the stresses 
implied by these mass variations are supported by the 
strength of the lithosphere [Le Pichon and Chamot- 
Rooke, 1991]. The long-wavelength pattern show- 
ing a mass imbalance between the axis and the 
marginal areas is not affected by the introduction of 
the crustal topography. 
Two possible Solutions 
We concluded in the previous section that the 
knowledge that we have of the structure of the crest 
and mantle beneath the Red Sea leads to a 25 mGal 
discrepancy between models and observations. The 
computed model is relatively too dense under the 
marginal areas of the sea compared to the axis. 
There are two possible solutions; either add mass to 
the axial zone or decrease the mass under the 
marginal area. 
Given the available geophysical control, the only 
reasonable geologic mechanism apparent to us that 
would add negative mass under the marginal regions 
of the northern Red Sea is crustal underplating. 
Crustal underplating has been inferred to have oc- 
curred at a number of rifted margins on the basis of 
intermediate (7.2-7.6 krn/s) P wave velocities ob- 
served in the lower crest at a number of continental 
rifts and rifted continental margins [e.g., LASE 
Study Group, 1987]. Gaulier et al. [1988] did not 
obtain mantle velocities at ESPs 4, 5, and 6 along 
our gravity profile, and the base of the crust is 
determined from reflection hyperbolae for those 
ESPs. A well determined 8.2 krn/s mantle velocity at 
a depth of 13.4 km with no intermediate velocity 
layer was determined at the westernmost profile, 
ESP 3. Although this latter ESP, nearest the coast, 
does not fit with an underplating model, the other 
three ES Ps, where the base of the crest is defined by 
a reflection, are not inconsistent with the presence of 
such a deeper crustal layer. In addition, lower 
crustal layers with velocities between 7.2 krn/s and 
7.7 km/s were observed on ESPs 7, 9, and 10 on the 
southern line of ESPs, although, as discussed ear- 
lier, the entire velocity structure of the southern set of 
ESPs differs from that of the northern set. 
The gravity anomalies resulting from a model in 
which a lower "underplated" crustal layer with a 0øC 
density of 3000 kg/m j is included under the marginal 
areas is shown in Figure 14. The deep crustal layer 
is modeled as extending from the coast to a distance 
of 24.3 km from the axis (the location of ESP 5) and 
has a maximum thickness of 5 km at 60.5 km from 
the axis (the location of ESP 3). The replacement of 
mantle with the lower-density material reduces the 
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Fig. 14. Gravity effect of introducing a lower "underplated" crustal layer beneath the 
marginal areas of the Red Sea. The density of the darkly shaded area in the lower panel 
was reduced by 330 kg/m 3 so that a 0øC density of 3000 km/m 3is assumed for the under- 
plated layer. Other densities are as shown in Figure 12. Observed gravity anomalies 
(dots) and calculated anomalies resulting from this model are shown in the upper panel. 
The dashed curve shows the calculated anomalies, and the solid curve the calculated 
anomalies with a constant 30 mGal shift applied to bring the general evel of the anomalies 
up to that of the observed data. The mass balance for this model is shown in the middle 
panel. The mass of a lithospheric olumn away from the Red Sea within the undisturbed 
confident was taken as a reference. 
total mass and results in a general evel of about -30 
mGal for the calculated gravity anomalies over the 
Red Sea (Figure 14, dashed line). We therefore arbi- 
trarily added a constant 30 mGal to the calculated 
profile so that its level corresponds to the level of the 
observed anomalies (Figure 14, solid line). The in- 
troduction of the deep crustal layers removes the 25 
mGal discrepancy between the axis and the marginal 
areas. The resulting calculated gravity anomalies ad- 
equately match the observed anomalies within the 
Red Sea, although we were not able to completely 
reproduce the short-wavelength anomalies on the 
Arabian side of the axis. 
The alternative to decreasing the mass in the 
marginal areas is to increase the mass near the axis. 
Figure 15 shows the gravity anomalies resulting 
from a model in which this is accomplished by as- 
suming that the average density of the crust is in- 
creased by 110 kg/m 3 to 2900 kg/m 3 near the axis. 
The obvious cause of such an increase in density is 
large scale igneous intrusions. The geometry of the 
denser region in Figure 15 is designed to take into 
account magnetic data which suggest that very large 
intrusions to shallow depths have occurred along the 
faults bounding the axial depression at the site of our 
gravity line [Cochran et al., 1986]. The intruded 
area is 23 km wide at the top of the crest and 34.6 
km wide at its base. The calculated gravity anoma- 
lies again match the observed anomalies on our pro- 
file across the Red Sea. 
The introduction of either a deep "underplated" 
crustal layer in the marginal regions or a denser 
"intruded" region at the axis not only results in 
matching the observed gravity anomalies, but also 
serves to remove the mass imbalance between the 
marginal areas and the axis of the Red Sea (Figures 
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Fig. 15. Gravity effect of introducing a region of increased crustal density beneath the ax- 
ial depression. The density of the darkly shaded area beneath the axis is assumed to be in- 
creased by 110 kg/m 3so that it has a 0øC density of 2900 km/m 3. Other densities are as 
shown in Figure 12. Observed gravity anomalies (dots) and calculated anomalies (solid 
curve) resulting from this model are shown in the upper panel. The mass balance for this 
model is shown in the middle panel. The mass of a lithospheric olumn away from the Red 
Sea within the undisturbed continent was taken as a reference. 
14 and 15). Although both models still show a 
large, local mass deficiency at the axis, the general 
level of mass balance curves is constant across the 
Red Sea. The level is, however, still negative for 
both models. Fbr the region between the shorelines, 
the average mass in a vertical column, relative to the 
reference section, is - 1.621 x 106 kg/m 2 for the 
under. plating model (Figure 14) and-0.918 x 106 
kg/m z for the intrusion model (Figure 15). These 
mass deficiencies are equivalent o an increase in the 
crustal thickness of the reference section of 3.0 km 
for the underplating model and of 1.7 km for the 
intrusion model. 
DISCUSSION 
Both of the models discussed above satisfactorily 
fit the gravity anomalies within the Red Sea. The 
extent to which one solution is preferable to the other 
must therefore depend on the extent to which it is 
compatible with the entire suite of geophysical data. 
The model which assumes underplating in the 
marginal areas is suggested by the presence of a deep 
crustal layer with a P wave velocity in the neighbor- 
hood of 7.2 km/s at a number of different continental 
margins [e.g. Diebold et al., 1988; Weigel et al., 
1982; Talwani et al., 1979; Keen et al., 1975]. This 
crustal layer is frequently interpreted as mafic 
material generated by partial melting of the mantle 
during rifting. Mantle refractions were not recorded 
on ESPs 4, 5, and 6. The wide-angle reflection 
taken as marking the base of the crust on those ESPs 
[Gaulier et al., 1988] could just as easily come from 
the upper surface of a high-velocity lower crustal 
layer. However, ESP 3 gave a very well defined 
mantle arrival with a velocity of 8.2 km/s and no evi- 
dence of a high velocity lower crustal layer. This 
presents a great difficulty for the model of crustal 
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underplating, since the additional ower crustal layer 
in the gravity model is thickest at the location of ESP 
3 (km-60.5 on the figures) (Figure 14). 
Another difficulty with the model of large-scale 
underplating of the crust in the marginal regions 
arises from the fact that this model reduces the total 
mass under the Red Sea and, as a result, produces 
gravity anomalies that are in the range of -30 mGal. 
We dealt with this in Figure 14 by shifting the level 
of the anomalies by 30 mGal so that the general evel 
of the calculated anomalies matches that of the ob- 
served gravity. We are free to do this because the 
long-wavelength variations of the gravity field, 
which define the local "regional field" level, arise 
from deeper sources than those considered here. 
However, this shift results in slightly positive calcu- 
tated Bouguer anomalies of 5-10 mGal in eastern 
Egypt. The alternative model with a denser crust 
near the center of the Red Sea results in calculated 
Bouguer anomalies of-20 to -25 mGal in eastern 
Egypt (Figure 15). The admittedly somewhat sparse 
gravity data from Egypt available to us shows gen- 
erally negative Bouguer anomalies. In particular, a 
set of gravity measurements along the road from 
Safaga to Qena, nearly in line with our geophysical 
profile in the Red Sea, shows Bouguer anomalies in 
the range of about -15 to -40 mGal (Figure 8). 
The approximately 40 mGal discrepancy between 
the observed Bouguer gravity anomalies in Egypt 
and those calculated from the model with crustal un- 
derplating could be hypothesized to result from an 
incorrect crustal density or continental crustal thick- 
ness in our calculations. As shown in Figure 10, a 
change in crustal density is expressed in the gravity 
as a shift in the level of calculated anomalies between 
the Red Sea and the interior of the continents. 
However, to account for the 40 mGal shift, the aver- 
age density for the entire continental crust would 
have to be about 2650 kg/m 3, which appears to be 
unreasonably low. The level of the the gravity 
anomalies calculated over the continent relative to 
those over the Red Sea could also be made compat- 
ible with the underplating model if the continental 
crustal thickness used in the modeling is too low. A 
thicker crust beneath eastern Egypt, in the range of 
35-40 km, would remove the discrepancy. This is a 
masonable value for continental crustal thickness but 
is greater than that resulting from available analyses 
of seismic data [Makris et at., 1982; Rihm and 
Makris, 1989]. 
The second model satisfying the gravity data is 
one in which the density of the crust underlying the 
axial depression is increased, presumably by large- 
scale intrusion of mafic crustal material in that re- 
gion. This model is suggested by the association of 
large magnetic anomalies with the deeps within the 
axial depression. These magnetic anomalies, which 
are all dipolar in form, have been interpreted as 
resulting from large, normally magnetized inu'usions 
[Pautot et al., 1984, 1986; Cochran et at., 1986]. In 
addition, Pautot et al. [1984] and Altherr et al. 
[1988] report the recovery of basalt from what ap- 
pears to be a volcanic peak within Shaban Deep. 
Altherr et al. [ 1988] indicate that this basalt is tholei- 
itic, with T-type MORB characteristics. 
The heat flow data from the northern Red Sea also 
suggest that partial melting of mantle material should 
be occurring beneath the axial depression. All three 
heat flow profiles across the northern Red Sea re- 
ported by Martinez and Cochran [1989] show a 
marked increase from the marginal areas to maximum 
values over the axial depression. Le Pichon and 
Gaulier [ 1988] pointed out that the heat flow across 
the axis of the Red Sea is very similar to that ex- 
pected for a mid-ocean ridge [Parsons and Sclater, 
1977]. As a result, all models of the temperature 
structure beneath the northern Red Sea which satisfy 
the heat flow data require a concentration of high 
mantle temperatures near the axis. Buck et al. [1988] 
and Martinez and Cochran [ 1989] calculated where 
and when partial melt would be generated for specific 
extension histories which are compatible with the 
heat flow data. They found that significant partial 
melt could be generated near the end of the extension 
history (i.e. recently), but only within a region less 
than 50 km wide centered at the axis. Recently, J.-P. 
Montagner and T. Tanimoto [personal communica- 
tion, 1990] have shown from seismic tomography 
studies that the seismic velocities are anomalously 
low under the northern Red Sea at depths between 60 
and 120 km which also suggests partial melting 
there. 
The major argument against this solution is that 
the ESPs within the axial depression do not exhibit 
crustal P wave velocities that might be expected from 
a region of dense mafic crust. In fact, for both the 
northern and southern set of ESPs, the crustal ve- 
locities determined within the axial depression are 
less than those obtained in the marginal areas (See 
Figure 7). Only ESP 14, which is located directly 
over one of the dipolar magnetic anomalies associ- 
ated with Conrad Deep, gives crustal velocities typi- 
cal of dense gabbroic rocks. Gaulier et al. [1988] 
suggest hat the lower seismic velocities within the 
axial depression might be due to a highly fractured 
and newly intruded crust. They also point out that 
ESPs 14, 6, and 13, all centered over the axial de- 
pression, show very different crustal structures even 
though their midpoints are spaced only about 10 km 
apart (Figure 7), suggesting the presence of a com- 
plex, heterogeneous crust beneath the axial depres- 
sion. Seismic reflection profiles show that the sedi- 
ments in the axial depression are much more 
intensely faulted and disturbext than those in the axial 
regions [Martinez and Cochran, 1988]. 
There are thus arguments that can be advanced in 
favor of and in opposition to each of the two models 
presented here. However, the heat flow data and the 
samples of tholeiitic basalt in Shaban deep lead us to 
conclude that partial melting is occurring in the man- 
tle beneath the axial region of the northern Red Sea 
and that this process has apparently resulted in the 
emplacement of denser mafic intrusions into the crust 
of the axial depression. 
We cannot discount he possibility that some por- 
tion of the magma forms an "underplated" lower 
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crustal layer rather than being intruded into and 
through the crest. However, any underplating is 
limited to the central half of the Red Sea by the 
geothermal data, which imply that partial melting 
must have begun recently and is only possible near 
the axis [Buck et al., 1988], and by the observation 
that ESP 3 yielded a normal mantle velocity with no 
evidence of a high-velocity lower crustal ayer. This 
mechanism (crustal underplating) cannot therefore 
resolve the problem of the mass imbalance between 
the marginal and axial regions from the known 
crustal structure (Figure 12), and it appears that a 
region of slightly higher (by -110 km/cm 3) density 
crest must exist beneath the axial depression. 
Our geophysical profile (Figure 5) passes through 
Conrad Deep, which is known to be the site of two 
large shallow intrusions located along the faults 
bounding the axial depression [Cochran et al., 
1986]. These shallow intrusions are represented in 
Figure 15 by the shallow areas of the crustal blocks 
bounding the axial depression that are included in the 
region of increased density. Away from the deep, 
where the axial depression is gentler and not fault 
bounded, the mass of the large crustal blocks and of 
the shallow intxusions emplaced along them is pre- 
sumably smaller. However, the depth to the 5.8 
km/s layer within the axial depression decreases 
away from the deeps (compare ESPs 13 and 15 with 
ESP 6 in Figure 7) and thus less excess mass is 
required beneath the axis away from Conrad Deep to 
satisfy the gravity data. 
We do not have sufficient data available for 
regions away from Conrad Deep to constrain a de- 
tailed gravity model similar to that which we have 
constructed along the line shown in Figure 5. Rough 
calculations suggest hat, although less additional 
mass may be necessary, a region of slightly higher 
density crest about 25 km wide is still necessary be- 
neath the axial depression to satisfy the observed 
gravity anomalies. However, we simply do not have 
sufficient control to adequately constrain the amount 
of excess mass required. 
The gravity data do not directly yield the extent to 
which the crest of the axial depression is made up of 
recently intruded material. However, it must be suf- 
ficient to raise the average crustal density by 110 
kg/m 3 on the line that we modeled, and it is therefore 
a significant portion of the crust. The gravity model- 
ing also does not constrain the mechanism by which 
this material was emplaced or the time over which it 
has been emplaced. Thus whether the crust beneath 
the axial depression is "oceanic" becomes to some 
extent a matter of definition. However, our gravity 
modeling, along with the high heat flow over the 
center of the Red Sea and the large, normally magne- 
tized intrusions associated with the axial deeps, im- 
plies that intrusion of new crustal material is now an 
important and perhaps the dominant mechanism of 
extension within the rift. 
SUMMARY 
We have used gravity data to investigate the 
structure of the northernmost Red Sea. Constraints 
on the the gravity modeling include single-channel 
and multichannel seismic reflection lines [Martfnez 
and Cochran, 1988; Miller and Barakat, 1988] coin- 
cident with our gravity and bathymetry profile which 
provide detailed information on the thick sedimentary 
column, a series of expanding spread profiles 
[Gaulier et al., 1988] centered nearly over our 
gravity line which provide information on the depth 
to basement, depth to Moho, and crustal structure 
within the Red Sea, a series of closely spaced heat 
flow measurements [Martinez and Cochran, 1989] 
across the Red Sea nearly coincident with our gravity 
line which provides information on the mantle ther- 
mal structure and thus density variations within the 
mantle, and seismic refraction experiments onshore 
in Egypt [Malcris et al., 1982] which provide infor- 
mation on the continental crustal thickness. 
When all of the available data on the structure of 
the crest and lithosphere are included in the model, 
the calculated gravity anomalies fail to match the ob- 
served data. The calculated anomalies are approxi- 
mately 25 mGal more negative at the axis relative to 
the marginal areas than are the observed gravity 
anomalies. We investigated two possible solutions 
to this discrepancy. The first is to introduce a lower 
crustal layer within what was originally assumed to 
be the uppermost mantle. This crustal layer with a 
density of 3000 kg/m 3 is assumed to arise from 
crustal "underplating" resulting from partial melting 
within the mantle. The second is to assume slightly 
denser (by 110 kg/m 3) crest within the axial depres- 
sion in the center of the sea. This region of denser 
crest is assumed to result from intrusion of new 
mafic crustal material into the axial depression. Both 
solutions can reproduce the observed free-air gravity 
anomalies within the Red Sea. However, when 
models satisfying the gravity data are considered in 
light of all of the geophysical data, the most satisfac- 
tory solution is that the crest of the axial depression 
is denser than that of the marginal regions. This 
implies that crustal extension in the northernmost 
Red Sea is presently occurring in large part through 
intrusion of new mafic crustal material. 
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